The aim of this study was to evaluate the depth of cure and Knoop hardness in the P60 composite resin photo-activated using different methods. A bipartite brass matrix (3 mm in diameter X 11 mm in height) was filled with the composite and photo-activation was performed using continuous light, exponential light, intermittent light, plasma arc curing (PAC) or light-emitting diodes (LED). After opening the matrix, the uncured material was removed with a steel spatula and the polymerized composite was measured using a pachymeter. The specimens were then included in self-curing acrylic resin and worn longitudinally and the hardness was measured on the surface and at depths of 1, 2, 3, 4 and 5 mm. The data were analyzed by ANOVA and Tukey's test (5%). The results showed that the depth of cure was higher with the intermittent light, followed by continuous light, exponential light, PAC and LED methods. Up to a depth of 2 mm, all methods revealed similar hardness values, but there were differences between them at other depths, at which LED demonstrated the lowest values followed by PAC.
INTRODUCTION
The light-activated composite resins, brought into practice in the 1970's, introduced expressive changes that made their satisfactory application in posterior teeth possible. However, characteristics such as composition, light intensity and exposure time can modify the final properties of the material and, thus, restrict the clinical applications. Type, size, quantity and refraction index of the fillers into composite exert an influence upon light transmission across the material and, consequently, the light attenuation and the depth of cure may be altered (1, 2) . With respect to the organic matrix, the nature of the involved monomer molecules and the degree of conversion obtained in composite resin has an important effect upon mechanical properties (3) , where the higher degrees of cure will improve the final properties of the material.
A higher degree of conversion can be obtained by using a high light intensity (4) . However, this higher intensity may result in greater polymerization shrinkage and greater marginal leakage (5) . Thus, new photoactivation techniques have been proposed, such as the programmed use of low and high intensities that have shown to be more effective in decreasing the stress generated by polymerization shrinkage, whilst maintaining a high degree of conversion and satisfactory mechanical properties (6) (7) (8) (9) . Since the introduction of this method, other photo-activation methods have been suggested including intermittent light (9,10), plasma arc curing (PAC) (11) and, more recently, a new technology employing light-emitting diodes (LED) (12, 13) . However, these innovative techniques require further investigation before they can be effectively applied in dental practice.
Thus, the aim of this study was to evaluate the depth of cure and Knoop hardness using different photoactivation methods.
MATERIAL AND METHODS
This study used the Filtek P60 composite resin (3M, St. Paul, MN, USA), shade A3. Composition and batch are reported in Table 1 .
The composite was placed in a bipartite brass matrix that presented a central opening of 3 mm in diameter and 11 mm in height. The composite was then covered with a polyester strip and pressed with a glass slab to accommodate the material into the matrix. Photoactivation was performed with a) continuous light, b) exponential light, c) intermittent light, d) PAC, or e) LED. Five specimens were prepared for each photoactivation method.
For the continuous light photo-activation method, the curing tip was positioned close to the brass matrix/ restorative composite. The photo-activation was performed for 40 s with a high intensity of 800 mW/cm 2 , using an Elipar Trilight curing unit (3M-ESPE, Seefeld, Germany). For the exponential light technique, the same curing unit was used, however, the light intensity began at zero, increasing gradually to 800 mW/cm 2 , with a total exposure time of 40 s. Curing with the intermittent light method was performed using a curing unit developed at the Dental Materials Department, School of Dentistry of Piracicaba, UNICAMP, which provided 2 s of light with an intensity of 600 mW/cm 2 and 2 s without light. The total exposure time was 80 s. For the PAC technique, the Apollo 95 E curing unit (DMD, Westlake, Village, CA, USA) was used which, according to the manufacturer's information, achieved an intensity of 1320 mW/cm 2 . The light exposure time was 3 s. Finally, for the LED method, a LEC 470 l curing unit (MM Optics, São Carlos, SP, Brazil) was used to photo-activate the composite, providing an intensity of 100 mW/cm 2 for 40 s. The light intensity of the curing units was measured with a radiometer (Curing Radiometer, model 100, Demetron/Kerr, Danbury, CT, USA).
After photo-activation, the brass matrix was opened and all uncured material was removed using a steel spatula. The polymerized composite cylinder was measured using a digital pachymeter (Digital pachymeter, model CD-15C, Mitutoyo, Japan), which was positioned in the center of the specimen, determining the depth of cure.
The specimens were then included in self-curing acrylic resin (Artigos Odontológicos Clássico, São Paulo, SP, Brazil) and worn longitudinally along the center with 80 grit sandpaper (Carburundum Abrasivos, Recife, PE, Brazil) in a grinding wheel (Arotec, model APL-4, Cotia, SP, Brazil). Finishing and polishing were then performed with sandpaper of decreasing grits of 320, 400, 600 and 1000. After 24 ± 1 h, the Knoop hardness was measured at the surface and at depths of 1, 2, 3, 4 and 5 mm with a Micro Hardness Tester (model HMV 2, Shimadzu, Japan), which was calibrated with a load of 50 g for 15 s. Five readings were taken for each region and the arithmetic means were calculated for each region of the specimen.
The data were submitted to analysis of variance (ANOVA) and the means were compared by Tukey's test (significance level 5%).
RESULTS
The results of the depth of cure and the Knoop hardness are presented in Tables 2 and 3 , respectively. The intermittent light method had the highest depth of cure (6.70 mm) and was statistically different from the other methods (p<0.05). The continuous and exponential light techniques presented intermediate values and were statistically similar (p>0.05). The lowest depths of cure were obtained with the LED and the PAC methods. However, there were statistical differences between these, in which the LED demonstrated the lowest depth of cure. Table 3 shows that up to a depth of 2 mm, all photo-activation methods presented similar Knoop hardness values (p>0.05). At 3 mm, the LED method presented the lowest value and the continuous light technique demonstrated an intermediate value and was statistically similar to the other methods. The intermit- At a depth of 4 mm, the intermittent and continuous light methods presented the highest Knoop hardness values without significant differences between them (p>0.05). Furthermore, the continuous light method demonstrated no difference from exponential light and PAC methods. LED revealed the lowest Knoop hardness value, which was significantly different from those of the other methods (p<0.05). At 5 mm depth, the LED and the PAC photo-activation methods could not be evaluated, as they did not reach this depth. At this depth, the continuous light method presented an intermediate value with no statistical difference from the other methods. The intermittent light method, however, revealed a statistically higher value than that of the exponential light method (p<0.05).
DISCUSSION
The development of new technologies for photoactivation of restorative composite resins has caused great interest among researchers (6-13). However, the real advantages of these techniques are not yet totally known. Before these methods can be clinically applied, the final properties of the photo-activated composites must be evaluated. Thus, this study evaluated the depth of cure and the Knoop hardness of the P60 composite resin, using different photo-activation methods.
The results of this study showed that the depth of cure is strongly affected by photo-activation methods. The intermittent light demonstrated the highest depth of cure (6.70 mm) and was statistically different from the other methods.
The intermittent, continuous and exponential light methods supply energy for photo-activation via halogen lamps, and the white light must be filtered to emit only the blue spectrum of the visible light. To generate blue light, the lamps must be heated to very high temperatures (14) , resulting in the emission of heat through the curing light tip (15, 16) . This heat transmission to the material may be, in part, responsible for the higher depth of cure values achieved using these methods, because the heat may increase the mobility of the monomers, increasing the probability of the occurrence of conversion. Another factor that may have influenced the depth of cure and caused the difference between the intermittent light and the continuous and exponential methods is the total amount of energy supplied to the composite for the polymerization. According to Sakaguchi and Berge (8) , maximum light intensity is achieved at 0.55 s and then decreases, signifying that, even with the continuous light method (800 mW/cm 2 ), the amount of energy supplied is not constant. Conversely, the intermittent light method employs 2 s of light exposure followed by 2 s without light, meaning that the maximum light intensity peak is achieved every time that the light is emit- ted. Since the polymerization process seems more dependent on the total energy available for photo-activation than the light intensity property (8, 17) , this method may provide a higher amount of energy to the material, which may explain the higher depth of cure values achieved using the intermittent method. The PAC method employs a different technology in which the light is produced by two electrodes that are placed very close to each other, emitting light when a high voltage is applied rather than by heating a tungsten filament as a halogen lamp (14) . PAC curing light units generate heat and achieve very high light intensity (1320 mW/cm 2 ). However, the depth of cure value was lower than that obtained by methods that employ halogen lamps. This result may be due to the reduced photo-activation time used in PAC, representing a lower amount of energy (8, 17) and a short time period for the light to reach deeper regions of the material, since part of the light necessary for polymerization is absorbed and scattered by the already polymerized composite (1, 18) . According to Peutzfeldt et al. (11) , when curing light units are studied, an important parameter is the amount of light energy of appropriate wavelength emitted during irradiation. This energy is calculated as the product of the output of the curing light unit and the time of irradiation and may be termed as energy density. According to these authors, the Apollo 95 E emits less energy in 3 s than do the conventional curing light units. This could explain the lower depth of cure obtained with this method when compared to methods that use the halogen lamp.
LED, the more recent technology developed for photo-activation of resinous materials, combines two different semiconductors (p -n junctions). When a voltage is applied, the electrons and 'holes' recombine at the LED's p -n junctions leading, in the case of gallium nitride LEDs, to emission of blue light. The spectral output of gallium nitride blue LED falls conveniently within the absorption spectrum of the camphoroquinone photo-initiator (400-500 nm) presented in most light-activated composite resins, thus no filters are required in LED light curing units (12, 13) . However, the LED demonstrated the lowest depth of cure. This result may be due to the low light intensity (100 mW/cm 2 ) and to the absence of heat emission with this curing light unit. Increasing the exposure time or the light intensity could minimize this problem.
The Knoop hardness test showed that, up to a depth of 2 mm, all photo-activation methods provided similar values. This result demonstrates that despite the particular characteristics of each method, the light intensity and the exposure time were enough to adequately polymerize this thickness of composite. At a depth of 3 mm, the LED demonstrated the lowest hardness value, while the continuous light method revealed an intermediate value with no statistical difference from the other methods. The lower value observed with LED may be due to the low intensity produced by this technique. Even the LED method achieves the maximum irradiation at 466 nm, which according to Nemoto (20) is the most efficient wavelength to excite camphoroquinone; however, the light is absorbed and/ or scattered when the thickness increases (1, 18) , consequently decreasing the amount of energy for photoactivation. This fact may explain the lower hardness observed at 3 mm depth when LED was used. Despite this scattering and absorbance of light, all other methods supplied higher amounts of energy to the composite and, thus, provided higher hardness values at 3 mm depth.
At a depth of 4 mm, the intermittent and continuous light methods demonstrated the highest hardness values without differences between them. The continuous light was similar to the exponential light and PAC, whilst the LED presented the lowest hardness, with statistical differences from the other methods. This result may be due to the total amount of energy that reached the material at this depth. The total energy is related to exposure time and light intensity generated by each method, i.e., the energy density (1, 4, 8, 11) .
At a depth of 5 mm, the LED and the PAC methods could not be evaluated since they did not achieve a depth of cure of 5 mm. At this depth, the continuous light method presented an intermediate value and was no different from the intermittent and exponential methods. However, the intermittent light revealed a higher hardness value than the exponential technique. Again, the probable explication for this occurrence may be the total amount of energy supplied to the camphoroquinone, even at great depth. It seems that the intermittent method was able to provide a higher amount of energy at this depth, probably due to intermittence itself, where the maximum intensity is achieved at 0.55 s and then decreases (8) .
Whilst all the photo-activation methods provided depth of cure values that fulfilled the require-ments of the ISO 4049 (19) , there were differences observed between the methods at depths greater than 2 mm. These differences were probably due to the characteristics of each method such as the light intensity, exposure time and heat generated. Therefore, in spite of the P60 composite manufacturer's claims of increments of 2.5 mm, thickness greater than 2 mm should not be used clinically due to differences in the curing light units, possibly resulting in poorly polymerized material at deeper regions of the restoration (1,4) .
RESUMO
O objetivo deste trabalho foi avaliar a profundidade de polimerização e a dureza Knoop do compósito restaurador P60 fotoativado por diferentes métodos. Uma matriz metálica bipartida (3 mm de diâmetro X 11 mm de altura) foi preenchida com o compósito e fotoativada através da luz contínua, luz exponencial, luz intermitente, plasma de xenônio (PAC) ou luz emitida por diodo (LED). Após a abertura da matriz, o material não polimerizado foi removido com o auxílio de uma espátula metálica e o compósito polimerizado medido com um paquímetro digital. Então os espécimes foram incluídos em resina acrílica autopolimerizável e desgastados longitudinalmente e a dureza foi medida na superfície e nas profundidades de 1, 2, 3, 4 e 5 mm. Os dados foram analisados por ANOVA e teste de Tukey (5%). Os resultados mostraram que a profundidade de polimerização foi maior com a luz intermitente, seguida pela luz contínua, luz exponencial, PAC e LED. Até a profundidate de 2 mm, todos os métodos de fotoativação revelaram valores de dureza similares, porém diferiram a outras profundidades, onde o LED demonstrou os menores valores, seguido pelo PAC.
